A broadband electron spin resonance spectrometer is described which operates at frequencies between 4 and 40 GHz and can be used in superconducting magnets. A tunable cylindrical cavity is connected to a vector network analyzer via coaxial cables, and the radiation is fed into the cavity by a coupling loop. No field modulation is employed. Resonance frequencies below 14 GHz are obtained by inserting dielectrics with different permittivities into the cavity. The setup allows for measurements with the microwave magnetic field either parallel or perpendicular to the external field.
I. INTRODUCTION
Electron spin resonance ͑ESR͒ spectroscopy is an extremely powerful method for the study of materials with unpaired electrons. Conventionally, ESR measurements are carried out by sweeping an external magnetic field while irradiating the sample at a fixed microwave frequency. The reasons for this convention include limited sweepability of traditional microwave sources, 1 and the difficulty of performing calibration measurements at microwave frequencies to determine the absolute transmission or reflection magnitude. 2 As a result, ESR-spectrometers tend to operate at single, discrete frequencies. At higher frequencies, frequency-swept measurements, and broadband field-swept measurements become viable. [3] [4] [5] [6] [7] [8] [9] The majority of ESR-studies deal with relatively isotropic materials, with resonance lines in the g = 2 region. Consequently, spectrometers operating at or below f = 35 GHz ͑Q-band͒ are usually equipped with electromagnets with maximum fields of 2 T or less, while at or above 95 GHz ͑W-band͒ superconducting or high-field resistive magnets are used. As a consequence, spectrometers that operate at conventional frequencies ͑2-35 GHz͒ but that can reach high magnetic fields are rare.
A great deal of fascinating physics can be investigated at low frequencies and high magnetic fields. Examples include field-induced spin level ͑anti-͒crossings, and the direct observation of magnetic tunnel splittings or even coherent tunneling of the magnetization. The former occurs in systems with low-lying spin states with higher multiplicities than the spinground state, such as molecular antiferromagnetic trimers and rings. [10] [11] [12] [13] [14] [15] [16] Depending on the symmetry of the system and the interactions present, such level crossings can be real crossings 17 or anticrossings. 14 An anticrossing corresponds to mixing of magnetic states and, consequently, ESR transitions between states with different total spins become possible. 18 The physically most interesting measurement is that carried out at the level crossing, where the excitation corresponds to oscillation of the total spin, 19 but the energy splittings at the level crossing are often small. To map out a level crossing, and because the actual value of the energy gap is not known, it is desirable to have a broadband spectrometer that is tunable over a wide frequency range.
On the other hand, in systems with a large spin and negative zero-field splitting, the two lowest M S states can form symmetric and antisymmetric superposition states, where the splitting corresponds to the frequency of tunneling of the magnetic moment. This tunnel splitting can be enhanced by application of a transverse magnetic field, 20 to values that can be observed spectroscopically. ESR observation of the tunnel splitting would correspond to the observation of coherent tunneling of the magnetization. For both applications a combination of high fields and low frequencies is required. Because of the mentioned mixing of spin states, the ESR transitions obtain partial ⌬M S = 0 character, and, hence, ESR measurements should be performed with the microwave magnetic field parallel to the external magnetic field, B 1 ʈ B 0 . For these reasons, we set out to construct an ESR spectrometer that features ͑i͒ low but tunable resonance frequencies, ͑ii͒ parallel ͑B 1 ʈ B 0 ͒ and perpendicular mode ͑B 1 Ќ B 0 ͒ ESR capabilities, and ͑iii͒ that is compatible with use in superconducting magnets to reach the desired high fields.
A number of broadband ͑i.e., tunable beyond a single microwave band͒ ESR-spectrometers that operate at frequencies up to 40 GHz have been reported in literature. [21] [22] [23] [24] [25] [26] [27] Employed radiation sources are either tunable microwave sources [21] [22] [23] 26 or vector network analyzers. [24] [25] [26] [27] The main distinction between these setups is the sample housing, which includes a nonresonant microwave-absorber-clad cavity, 22 striplines, 23,27 a re-entrant cavity, 24 a microcoil, 21 and a loop-gap resonator. 26 Here we present a novel broadband ESR spectrometer, equipped with a tunable resonant cavity that allows measurements with the microwave magnetic field either parallel or perpendicular to the external magnetic field, and that operates in the frequency range be-tween 4 and 40 GHz, at temperatures down to 1.8 K and at fields of up to 10 T. Extension to higher fields is simply a matter of using a higher-field magnet. The frequency range is limited by the magnet bore on the low-frequency side and by losses in the employed coaxial cables on the high-frequency side.
II. DESIGN AND IMPLEMENTATION
In its simplest and most general form, an ESR spectrometer consists of the following parts: a fixed-frequency or tunable radiation source, a means to guide the radiation to the sample, a sample housing, and a means of detecting reflected and or transmitted radiation after it has interacted with the sample. This basic setup can be embellished with a reference arm, magnetic field modulation, double resonance, pulsed capabilities, and many more. We have opted for a relatively simple and robust solution, which is described below.
A. Cavity
We have chosen a tunable cylindrical cavity made of oxygen free highly conducting copper, which is the standard material for resonators. It consists of a fixed upper plate and a movable outer part, the latter consisting of the body of the resonator and the bottom plate ͑Fig. 1͒. The outer part is attached to a plate that is moved by a threaded rod connected to a stepper motor on top of the inset. Similar designs have often been used for cavity tuning in a limited range; 1 a spectrometer operating in the larger frequency range of 40-60 GHz based on such a cavity has also been reported. 28 Using a coupling loop located in the fixed top plate, the radiation is fed into the cavity and excites the TE 011 mode. The advantage of this scheme is that for the TE 011 mode there are no currents between the cylindrical part of the cavity and the end plates. This allows us to tune the frequency by moving the end-plate without detrimental effects to the quality factor. The presence of a gap between cylindrical part and endplate ͑0.5 mm͒ has the beneficial effect of suppressing the TM 111 mode that is degenerate with TE 011 ͑Ref. 1͒ because the TM 111 mode involves surface currents between the cylindrical part and the endplate, in contrast to the situation for the TE 011 mode.
There are well-defined positions in the cavity where the microwave field is parallel or perpendicular to the external field, which is parallel to the cylinder axis in our spectrometer, as a simulation shows ͑Fig. 2͒. 29 To position samples in the B 1 ʈ B 0 region, a thin quartz rod was employed. The electric field on the cavity axis is minimal, and hence, the cavity is little disturbed by the introduction of a quartz fiber. For measurements with B 1 Ќ B 0 , the sample is attached to the top plate by using a tiny amount of vacuum grease.
The resonance frequencies of the transverse electric TE mnp modes in a cylindrical cavity with height d and radius a are
where c is the speed of light and ͑k c a͒ mn Ј is the nth root of the mth-order cylindrical Bessel function. For TE 011 , ͑k c a͒ 01 Ј = 3.832. 1 The maximum cavity diameter is given by the inner diameter of the variable temperature insert ͑VTI͒ of the superconducting magnet. This results in a 27 mm cavity inner diameter for the present setup. The cavity height is continuously tunable between 0 and 40 mm. These dimensions result in the cavity resonance frequency being tunable between 14 and 40 GHz ͓Eq. ͑1͒, Fig. 3͔ . To achieve lower frequencies either a cavity with a larger diameter is required or the cavity must be operated in a lower frequency mode, e.g., TE 111 . However, the cryostat bore precludes larger-diameter cavi- 
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ties. In addition, the TE 111 mode has an extremely poor quality factor, as determined experimentally. For instance, at 30 mm cavity height, the resonance frequency and Q factor for the TE 011 mode are f = 14.431 GHz and Q = 13 600, but for the TE 111 mode f = 8.264 GHz and Q = 1600. The reason for the drastic decrease in quality factor is likely to be the absence of electrical contact between cylindrical part and cavity endplate, which is required for the TE 111 mode but not for TE 011 . 1 An alternative way to reduce the resonance frequency was found in inserting high-permittivity dielectrics into the cavity. Assuming the absence of losses caused by the dielectric material, and that its magnetic permeability is that of vacuum, 0 , then the new resonance frequency, f 1 is given by f 1 = f 0 / n 1 , 1 where the original resonance frequency of the cavity is f 0 , and n 1 is the refractive index of the dielectric material. The two materials that we employed were Heraeus Herasil ® quartz glass ͑n = 1.94͒ and low-doped single crystalline silicon ͑Wacker Siltronic AG, Munich, Germany, Si:B, resistivity Ͼ 2000 ⍀ cm, n = 3.4͒, where the quoted refractive indices were determined experimentally at 14 GHz. Literature values are n = 1.95 at 3 GHz and 257 K for silica ͑Dynasil͒, 30 and n = 3.415 between 3 and 18 GHz and 298 K for silicon. 31 The diameters of the plates are slightly smaller than that of the cavity for obvious reasons, resulting in a 0.98 filling factor, and, correspondingly, there is a slight difference between the effective refractive indices and the corresponding literature values. Figure 3 shows the predicted height-dependence of the cavity frequency for each of the dielectrics. However, insertion of dielectrics into the cavity limits the in situ tunability of the cavity. To place the sample in the center of the cavity for measurements with B 1 ʈ B 0 , the dielectric is inserted in two-halves, where the bottom half has a small hole to accommodate the sample. For the lowest frequencies, a stack of plates was used.
B. Spectrometer setup
The spectrometer is based on a Hewlett-Packard ͑Palo Alto, CA, USA͒ HP8510 vector network analyzer consisting of a HP8510B network analyzer, an HP8516A test-set, and an HP83620 signal generator ͑45 MHz-40 GHz͒. Having a network analyzer enables us to measure absorption and dispersion simultaneously, which is convenient if the lineshape function is unknown. The network analyzer is connected to the cavity by using 1.85 mm semirigid coaxial cables ͑Micro-coax, Pottstown, PA, USA, type UT-085C-TP-LL, 2.4 mm connectors͒ with a 50 ⍀ impedance. We have chosen coaxial cables rather than metallic waveguides ͑rectan-gular or cylindrical͒ because the latter become prohibitively large at long wavelengths, and are not very suitable for broadband use. The employed coaxial cables consist of tinplated copper and silver-plated copper outer and inner conductors, respectively, with a low-density poly͑tetrafluoroeth-ylene͒ dielectric. These cables have relatively low losses ͑1.88 dB/m at 10 GHz͒. No significant base temperature improvement was obtained by replacing a section of copper by stainless steel coaxial cable.
The radiation is coupled into the cavity by an inductive coupling loop ͑radius of 0.9 mm͒ between inner and outer conductors. The coupling loop is situated inside a 2 mm diameter hole in the top plate of the cavity, which acts as a fixed iris. The insertion depth is optimized at room temperature, and then kept fixed throughout the experiment. This means that critical coupling is not generally achieved because the coupling is strongly frequency-dependent. The loop is oriented perpendicularly to the top plate which causes it to couple to the magnetic field in the cavity, which can be expected to favor TE 01n modes, which have magnetic fields parallel to the top plate. The microwave power that reaches the cavity at 20 GHz is estimated to be 1 mW, considering an output of 10 dBm at the test-set, and losses of 6 dB in the cables and 4 dB due to the coupling. The cavity is operated in transmission mode, where we measure the S 12 parameter at the test-set because the many reflections in the long coaxial cables and from the different connectors make reflection mode impractical. The setup is controlled by a National Instruments LABVIEW program, which measures the transmission as a function of frequency in a range wide enough to cover the entire cavity resonance, followed by a fit of the center portion ͓0.25 fullwidth-at-half maximum ͑FWHM͔͒ of that resonance with a Lorentzian function. This gives both the frequency shift and the absorption.
Temperature and magnetic field controls are provided by an Oxford Instruments ͑Tubney Woods, Abingdon, UK͒ 10 T magnet, equipped with a VTI. The VTI regulates the temperature by a helium flow through the sample chamber. This helium flow causes excessive noise in the measurement through pressure fluctuations in the cavity. Therefore, the cavity was covered by a fixed inner vacuum chamber which can be pumped through a flange on top of the insert ͑Fig. 4͒. The cavity is thermally coupled outside the exchange gas chamber by copper rods. The temperature inside the cavity is monitored by a Cernox sensor and regulated by heater inside holes in the top plate of the cavity. The resonance frequency of the cavity is extremely sensitive to small temperature fluctuations, and best results were obtained by stabilizing the temperature overnight before the measurement.
The homogeneity of the magnet is 0.1% over a 1 cm spherical volume, making the spectrometer more suitable for the study of magnetically dense transition metal systems, that display broad resonance lines, than for high-resolution applications, such as hyperfine couplings in organic radicals.
III. CHARACTERIZATION AND TEST MEASUREMENTS

A. Cavity performance
We have thoroughly characterized the performance of the cavity and its dependence on cavity height, coupling, temperature, and magnetic field. Quality factors ͑Q-factor͒ were determined as Q = f / FWHM, where f is the cavity frequency and FWHM is the linewidth of the cavity resonance, obtained by fitting a Lorentzian function to the cavity transmission as a function of frequency. The estimated error in Q is 0.5% caused by deviations of the cavity resonance line-shape from Lorentzian. These deviations are mainly caused by the coupling holes and loops and to a lesser extent by the sample. Figure 3 shows the cavity resonance frequency as a function of cavity height at room temperature for the empty cavity and the cavity filled with Herasil ® , which follow the behavior predicted by Eq. ͑1͒ very well. Below a cavity height of 4 mm, the Q-factor of the cavity decreases by one to two orders of magnitude, and the microwave field is expected to become inhomogeneous at the sample position, making it less suitable for ESR measurements. At room temperature, the employed silicon ͑see above͒ is too lossy to allow useful cavity resonance frequency measurements.
The Q-factor of an unloaded cavity is limited by dielectric losses ͑Q ⑀ −1 ͒, Ohmic losses ͑Q ⍀ −1 ͒, and radiative losses
where ␦͑f 0 ͒ is the skin depth, which is dependent on frequency and electrical conductivity of copper as ␦ = ͑f 0 ͒ −1/2 , and ⑀ r is the dielectric constant of the medium in the cavity. For other parameters, see Eq. ͑1͒. Electrical conductivities for copper at low temperatures were taken from Ref. 33 . The resulting cavity height-dependence of Q ⍀ as well as experimental values at T = 1.8 K are depicted in Fig. 5 . Between 5 and 1.8 K, the conductivity of copper is expected to change little, and the experimental points should therefore be compared to the simulation at 5 K. Clearly, the experimental Q is more than an order of magnitude lower than the calculated values. Without dielectric or sample in the cavity, the dielectric losses are expected to be negligible. This would mean that the Q-factor is largely limited by the radiative losses. Inserting a dielectric decreases Q ⍀ by a factor ͱ n 1 , where n 1 is the index of refraction of the dielectric.
In addition, dielectric losses now have to be taken into account. Figure 6 displays the dependence of cavity frequency and Q-factor on temperature. The increase in resonance frequency on decrease of the temperature is due to contraction of the cavity at lower temperatures, while the increase in Q-factor can be attributed to increased conductivity of copper. We also optimized the coupling to the cavity, which is a trade-off between cavity transmission and Q-factor ͑Fig. 7͒. The Q-factor improves the more the coupling loop is retracted into the hole in the top plate, i.e., the weaker the coupling. However, at the same time the cavity transmission becomes very small, which makes detection by the network analyzer difficult. This means that we did not reach the weak coupling limit. The coupling loop position was optimized at room temperature and then kept constant throughout all our experiments. In other words, the critical coupling is generally not achieved. However, the lower Q resulting from non- 
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Schlegel, Dressel, and van Slageren Rev. Sci. Instrum. 81, 093901 ͑2010͒ critical coupling did not have a detrimental effect on our measurements. Finally, we characterized the cavity performance in a magnetic field, which is very important for our measurements in a wide range of magnetic fields. Both resonance frequency and Q-factor are stable within 10 −8 and 10 −2 , respectively ͑Fig. 8͒. In addition, a small shift ͑ϳ15 kHz over 8 T͒ of the resonance frequency was observed, which bidirectional field sweeps demonstrated to be due to temperature drifts ͑of the order of 100 mK͒ rather than to an influence of the external magnetic field. The transmission shows a significant feature at low field which increases in intensity at lower temperatures ͑Fig. 8͒. The change in transmission is about 1%-3.6% depending on temperature, and is presumably due to an impurity in the copper used for the cavity construction. 3 and a mass of 7.0 mg. The measurements were performed with B 1 Ќ B 0 . Susceptibility measurements revealed that exchange interactions between manganese͑II͒ ions are negligible, and hence, to our intents and purposes, the compound behaves as a paramagnetic manganese͑II͒ salt. Second, we report preliminary single crystal measurements on V 15 ͑K 6 ͓V 15 As 6 O 42 ͑H 2 O͔͒ ·8H 2 O͒. Figure 9 shows results of measurements on Mn 20 , which show the pronounced effects of magnetic resonance in the sample at B 0 = 0.55 T. Outside this magnetic resonance, the transmission of the cavity as a function of frequency shows a very narrow line due to the TE 011 mode, where the width of 0.55 MHz corresponds to a Q-factor of Q = 28 500. At resonance, microwave dissipation in the sample lowers the Q-factor to Q = 8000 ͑the cavity resonance linewidth is 1.96 MHz͒. The change in Q-factor due to resonance is related to the imaginary ͑absorption͒ part of the dynamic magnetic susceptibility, Ј, by ⌬Q =− Ј Q unloaded 2 , where is the filling factor, and Q unloaded is the Q-factor outside the resonance, which includes dielectric and conductivity losses. 1 The dependence of the cavity resonance linewidth on field can be fitted with a Lorentzian function with a FWHM linewidth of 0.078 T. In addition, there is a clear dispersion in the cavity resonance frequency ͑Fig. 
B. Test measurements
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Schlegel, Dressel, and van Slageren Rev. Sci. Instrum. 81, 093901 ͑2010͒ its linewidth is considerably larger at FWHM= 0.147 T. We attribute this to saturation of the magnetic resonance transition ͑see below͒, leading to an inaccurate value of the transmission at the resonance field. The effects of saturation are clearly visible in temperature dependent measurements on the Mn 20 sample ͑Fig. 10͒. The expected temperature dependence of a magnetic resonance line is A ϰ 1 − exp͑−⌬E / k B T͒. However, the experimental intensity is clearly much smaller than calculated, especially toward lower temperatures. Clearly, the microwaveinduced magnetic resonance transition rate is not much smaller than the spin-lattice relaxation rate, even though in transition metal complexes, spin-lattice relaxation rates are generally fast. This will be especially pronounced at low temperatures because spin-lattice relaxation rates are expected to slow down on decreasing the temperature. 34 Finally, we show preliminary data recorded on V 15 . At low temperatures, this complex can be regarded as a S = 1 2 trimer because the remaining 12 vanadium͑IV͒ ions are strongly exchange coupled to form two singlets. The ground states of this system are formed by a pair of close-lying doublets. There is a current debate as to whether the observed splitting between these two doublets is due to antisymmetric exchange interactions 35 or small distortions of the equilateral triangle. 36 In an applied magnetic field, the S = From the observed resonance field, a g value of g = 2.00Ϯ 0.04 could be extracted in good agreement with g ʈ = 1.981 reported in literature. 37 Note that the accuracy in this determination was limited by the field step size; accurate g-value determination was not the aim of this study. No ESR transitions are observed at the level crossing at B 0 = 2.75 T.
With the sample located in the region where B 1 ʈ B 0 , recorded ESR spectra are profoundly different. In addition to a lowfield resonance line at B 0 = 0.3 T, which we attribute to the same transition as above, there are several other features. First of all there is a broad feature at low fields, overlapping with the resonance line, which we attribute to the cavity background signal ͑Fig. 8͒. The second feature is a pair of very broad lines at B 0 = 2.46 T and B 0 = 3.04 T. The field position features match perfectly with the expected resonance fields of the ͉ 2 ͘ ͉͑S M S ͒͘ transitions. Extensive temperature and frequency-dependent studies, which will be published elsewhere, show this attribution to be correct.
IV. CONCLUSIONS
We have constructed a versatile, broadband ESR spectrometer for the frequency range of 4-40 GHz. It is tunable in situ in a large frequency range ͑14-40 GHz͒, and lower frequencies can be obtained by inserting dielectrics into the cavity. It is excellently suited for multifrequency studies of molecular nanomagnets allowing determination of spin Hamiltonian parameters. Its main purpose is to investigate intermultiplet magnetic resonance transitions and level anticrossings. Further extensions of the spectrometer may include variable coupling and the implementation of pulse capabilities.
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